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face	 of	 increasingly	 uncertain	 and	 variable	 patterns	 of	 biotic	 and	 abiotic	 change	 is	











otic	 traits	 for	 crops	 and	 their	 wild	 relatives,	 placing	 these	 processes	 in	 a	 realistic	
context	 in	which	 smallholder	 farming	 operates	 and	 crop	wild	 relatives	 continue	 to	
exist.	It	identifies	areas	of	research	that	would	contribute	to	a	deeper	understanding	
of	 these	 processes	 as	 the	 basis	 for	 making	 them	 more	 useful	 for	 future	 crop	
adaptation.






and	 forestry	are	vital	processes	underpinning	 the	steady	 improve-
ment	 of	 crop	 yields	 and	 humankind’s	 ability	 to	 feed,	 clothe,	 and	
house	 an	 ever-	increasing	 global	 population.	 In	 response	 to	 these	
needs,	 protection	 of	 germplasm	 resources	 has	 received	 more	 or	





[FAO],	 2010,	 2012;	 Intergovernmental	 Panel	 Climate	 Change	
[IPCC],	2014;	Parmesan	&	Yohe,	2003).	In	this	continuing	challenge,	
ex	situ	collections	play	a	major	role	in	providing	a	readily	available	
source	 of	 germplasm	 for	 the	 plant	 breeding	 community	 and	 in	
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preserving	geographically	variable	sources	of	genetic	variation	that	
might	 otherwise	 have	 been	 lost	 due	 to	 habitat	 loss.	 Furthermore,	
studies	of	individual	and	population	samples	of	landraces	and	wild	
relatives	 deposited	 in	 ex	 situ	 collections	 have	 been	 an	 important	
source	of	knowledge	 regarding	patterns	of	 adaptation	within	 spe-
cies	to	a	range	of	climatic,	edaphic,	and	biotic	factors	(Franks,	Sim,	&	
Weis,	2007;	Nevo	et	al.,	2012;	Thormann	et	al.,	2017b;	Thormann,	





mental	 limitation	 in	 that	 they	 are	 “frozen	 snapshots”	 reflecting	 the	




through	 genetic	 drift	 due	 to	 inappropriate	 regeneration	 procedures	
during	storage	(Gale	&	Lawrence,	1984;	Harrington,	1972).	In	contrast,	
in	situ	conservation	aims	to	maintain	target	species	and	the	collective	
genotypes	 they	 represent	 growing	within	 their	 natural	 environment	
(Brush,	 2004).	A	major	 rationale	 for	 in	 situ	 conservation	 is	 to	 allow	







may	be	of	value	 to	 future	agriculture	are	maintained	 (Bellon,	2009).	
Here,	outcomes	may	be	influenced	by	a	wide	range	of	factors	including	
population	size,	generation	 time,	 the	 intensity	of	 selection	pressure,	





fragmented	 and	 has	 not	 been	 examined	 systematically,	 thereby	 de-
creasing	the	perceived	value	and	support	for	in	situ	conservation	for	
agriculture	 and	 food	 systems.	 In	 turn,	 this	may	 lead	 to	 the	mainte-
nance	of	fewer	options	to	sustain	the	genetic	diversity	needed	to	en-
sure	crops	can	adapt	in	the	face	of	global	change.	Furthermore,	these	
evidentiary	 constraints	 limit	 the	 capacity	 to	 design	 and	 implement	
in	situ	conservation	strategies	and	interventions	that	are	practical	 in	




tives,	 and	particularly	 to	place	 the	 former	 into	 a	 realistic	 context	 in	




2  | EVOLUTION IN TRAITS UNDER BIOTIC 
SELECTION PRESSURE







ance	alleles	as	host	populations	change	and	diversify	 in	 the	 face	of	
selection	 (cf.	 Red	 Queen	 dynamics;	 Hamilton,	 1980).	 Theoretically,	











specificities	 at	 existing	 loci	 arise,	 and	 at	what	 rate?	 Indeed,	 to	 date	
no	studies	have	been	reported	that	unequivocally	demonstrate	the	de	
novo	appearance	of	truly	novel	resistance	alleles.













(1995)	 screened	 176	 genetic	 recombination	 events	within	 the	 Rp1	










are	 a	 few	 documented	 examples	 where	 the	 same	 resistance	 gene	
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to	 target	 spatially	 close	 but	 separate	 populations	 (Jensen,	Dreiseitl,	
Sadiki,	&	Schoen,	2011),	and	the	inability	to	control	for	changes	that	
may	have	occurred	during	storage	(Parzies,	Spoor,	&	Ennos,	2000).




genes	 (quantitative	 trait	 loci:	QTLs)	each	of	 small	phenotypic	effect	
and	in	which	genotype-	by-	environment	effects	are	often	very	strong	
(Des	Marais,	Hernandez,	&	 Juenger,	 2013;	 Lowry	 et	al.,	 2013).	 The	
genetic	 architecture	 of	 such	 traits—how	 variation	 is	 distributed	 in	
the	genome;	the	extent	of	pleiotropic	effects,	and	of	plasticity—plays	
an	important	role	in	determining	evolutionary	responses	to	complex	




those	 controlled	 by	 genes	with	major	 phenotypic	 effect.	 However,	
because	 polygenic	 traits	 tend	 to	 evolve	 by	 subtle	 changes	 in	 gene	
frequency	at	many	loci	(Anderson,	Willis,	&	Mitchell-	Olds,	2011),	the	
potential	 for	 change	 is	 usually	 readily	 available.	 In	 this	 respect,	 the	









In	contrast	 to	selection	 for	pest	or	disease	 resistance	where	 the	
appearance	 of	 a	 new	 race	 or	 biotype	 may	 generate	 intense	 short-	
term	directional	selection	within	 individual	populations,	 the	greatest	
intensity	and	consistency	of	change	in	environmental	variables	tends	




Examples	 of	 such	 broad-	scale	 adaptation	 are	 widespread	 including	
clines	 in	 freezing	tolerance	 (Zuther,	Schulz,	Childs,	&	Hincha,	2012),	
seed	 traits	 influencing	 life	 cycle	 timing	 (Montensinos-	Navarro,	 Pico,	
&	Tonsor,	2012),	 and	 flowering	 time	 (Keller,	 Levsen,	Olson,	&	Tiffin,	
2012).	Notwithstanding	 this,	even	within	 individual	populations,	mi-
croenvironmental	differences	can	 sustain	differential	 selection	pres-
sures	 leading	 to	 small-	scale	 spatial	 patterns	 and	 the	 maintenance	
of	 genetic	 variation	 responsive	 to	 abiotic	 factors	 (Nevo,	 Beiles,	 &	
Krugman,	1988;	Verhoeven,	Poorter,	Nevo,	&	Biere,	2008).





were	 detected	 in	 the	 main	 cultivated	 varieties.	 However,	 common	
garden	 comparisons	 of	 landraces	 collected	 at	 the	 same	 locations	
27	years	apart	found	significant	shifts	in	adaptive	traits—reductions	in	





populations—not	 through	 the	 adoption	 of	 new	varieties.	Again,	 this	
provides	a	powerful	message	about	the	importance	of	allowing	contin-
ued	evolution	in	the	face	of	changing	environmental	conditions.	In	situ	
conservation	maximizes	 the	chances	 that	 rare	alleles	 are	potentially	




4  | ON- FARM MANAGEMENT 
AND THE PRACTICALITIES OF IN 
SITU CONSERVATION
Traditionally,	 in	 situ	 conservation	 has	 included	 consideration	 of	 (i)	
landraces	 of	 mainstream	 agricultural	 crops,	 and	 underutilized	 and	
neglected	 crops,	 as	 well	 as	 (ii)	 wild	 crop	 relatives	 and	 forest	 tree	
resources.	 While	 these	 two	 categories	 have	 a	 number	 of	 issues	
in	 common,	 in	 reality	 there	 are	 also	 significant	 differences.	 In	 situ	






neglected	 crops	 represents	 a	 more	 complex	 selection	 environment	
where	the	impact	of	response	to	naturally	occurring	selective	forces	
is	overlain	with	conscious	selection	by	farmers,	with	deliberate	move-
ment	 and	 incorporation	 of	 germplasm	 from	 close	 and	more	 distant	
sources	 (including	both	more	advanced	cultivars	and	wild	 relatives),	
and	with	a	range	of	cultural	practices.
In	 the	 case	of	 crops,	 a	 large	 amount	of	 diversity	 is	 still	 retained	
in	 developing	 countries	 by	 smallholder	 farmers	 (Van	de	Wouw,	Kik,	
van	Hintum,	van	Treuren,	&	Visser,	2010),	particularly	for	many	crops	
in	 their	 centers	 of	 domestication	 and	 diversity.	There,	 farmers	 con-
tinue	to	grow	landraces	and	maintain	traditional	knowledge	and	seed	
management	 practices	 (Brush,	 2004;	 Jarvis	 et	al.,	 2008),	 a	 process	
known	as	de	facto	conservation	(Brush,	2004).	There	is	an	increasing	
body	 of	 literature	 that	 documents	 how	 these	 farmers	maintain	 and	
influence	 important	amounts	of	phenotypic	and	genetic	diversity	of	
crops	 with	 different	 reproductive	 systems	 and	 evolutionary	 histo-
ries,	 for	example,	 for	maize	 in	Mexico	 (Orozco-	Ramirez,	Ross-	Ibarra,	
Santacruz-	Varela,	 &	 Brush,	 2016;	 Perales,	 Benz,	 &	 Brush,	 2005;	





et	al.,	 2014,	2016),	pearl	millet	 in	Kenya	 (Labeyrie	et	al.,	 2016),	 and	





of	 intermeshing	 social,	 landscape,	 and	 genetic	 data	 into	 the	 design	
of	 germplasm	 conservation	 strategies	 (Labeyrie	 et	al.,	 2014,	 2016;	




process	 (Barnaud	 et	al.,	 2007;	 Labeyrie	 et	al.,	 2014,	 2016;	 Orozco-	
Ramirez	 et	al.,	 2016;	 Pressoir	 &	 Berthaud,	 2004a,b;	 Samberg	 et	al.,	
2013;	Vigouroux,	Barnaud,	 et	al.,	 2011;	Wang	et	al.,	 2017)	 It	 is	 dis-
tinctly	different	to	that	occurring	in	wild	relatives	and	noncrop	species	





most	 comprehensive	 experimental	 evidence	 of	 crop	microevolution	
we	 are	 aware	 of	 has	 been	 gathered	 for	 bread	wheat	 (Triticum aes-
tivum	L.)	by	scientists	at	the	French	National	Institute	for	Agricultural	
Research	 (INRA)	 under	 an	 approach	 they	 call	 dynamic	management	




them	 evolve	while	monitoring	 the	 process.	While	 the	 approach	 did	
not	involve	farmers	per	se	(comprising	INRA	research	stations	and	ag-
ricultural	 high	 schools)	 and	was	 carried	out	 in	 a	developed	country,	
it	 is	quite	relevant	to	in	situ	conservation	on-	farm	as	they	were	able	
to	measure	specific	results	of	evolution	in	crop	populations	for	over	










farming	and	 low-	input	agriculture.	They	show,	 for	example,	 that	 the	






2015a).	 For	 any	 given	 crop,	 farmers	 influence	 through	 their	 knowl-
edge,	preferences	and	practices,	the	alleles	and	genotypes	that	pass	
from	 one	 crop	 generation	 to	 the	 next	 (Bellon,	 2009;	 Gepts,	 2006;	
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Vigouroux,	Barnaud,	et	al.,	2011).	Traditional	practices	of	saving	and	
sharing	seed	in	network	structures	that	connect	farmers	and	landra-
ces	within	 and	 across	 environments	 underpin	 these	 sociobiological	
systems	 and	 are	 an	 essential	 component	 to	 understand	 the	 spatial	
structure	of	crop	genetic	resources	and	their	dynamics	(Labeyrie	et	al.,	
2014,	2016;	Pautasso	et	al.,	2013;	Samberg	et	al.,	2013).













to	 them	but	neglected	by	 formal	 research	or	commercial	entities	or	
under	 conditions	where	 there	 is	 no	 institutional	 support	 to	 address	
their	 needs	 (Padulosi,	 Heywood,	 Hunter,	 &	 Jarvis,	 2011).	 The	 chal-
lenge	however	is	that	many	of	these	farmers	increasingly	face	strong	
incentives	to	abandon	their	landraces	and	the	processes	that	sustain	
them	 due	 to	 social,	 economic,	 environmental,	 and	 cultural	 changes	




































review	 (Jarvis	et	al.,	 2011)	 identified	59	different	 types	of	 interven-
tions	 for	 supporting	on-	farm	conservation	worldwide,	but	 there	has	
been	 little	 empirical	 evidence	 that	 they	 actually	 made	 a	 difference	
beyond	 what	 de	 facto	 conservation	 already	 achieves.	 Efforts	 have	
tended	to	be	ad	hoc,	small	scale,	fragmented,	and	uncertain	in	terms	
of	their	impact	(Bellon	et	al.,	2015a).	There	is,	however,	some	recent	









The	 potential	 value	 of	 the	 genetic	 variation	 under	 evolution	 for	
use	in	other	regions,	under	different	circumstances,	or	changing	con-
ditions	is	fundamental	because	it	is	this	value	to	broader	society	that	
justifies	 supporting	 specific	 sociobiological	 systems.	A	 key	 question	
is	how	to	harness	 this	value?	Our	argument	suggests	 that	a	guiding	
principle	should	be	 identifying	rare	or	new	variation	associated	with	
adaptive	 traits	 under	 changing	 or	 contrasting	 conditions	 and	makes	
this	 variation	 available	 to	 other	 farmers,	 communities,	 breeders,	 or	
others	where	 it	 can	 be	 useful.	 Implementing	 this	 principle	 requires	
strong	 collaboration	 among	 farmers,	 scientists,	 other	 social	 actors	
(e.g.,	extension	workers,	activists),	and	 institutions	 (e.g.,	NGOs,	 local	
governments,	schools),	as	well	as	more	concerted	and	systematic	ef-






ologies	 such	 as	 predictive	 characterization	 that	 have	 been	 used	 to	
identify	populations	likely	to	contain	specific	traits	and	thus	guide	tar-
geted	collection	and	germplasm	collection	(see	Thormann	et	al.,	2014	





Martínez-	Vásquez,	 &	 Perales,	 2008;	 Pressoir	 &	 Berthaud,	 2004a,b;	
Vigouroux,	Cedric,	et	al.,	2011),	as	well	as	take	into	consideration	the	
broader	social	and	ecological	landscapes	where	diverse	landraces	are	
maintained	 by	 different	 farming	 communities	 (Labeyrie	 et	al.,	 2014,	
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2016;	Samberg	et	al.,	2013).	The	institutional,	scientific,	and	physical	























“interesting”	 landraces	 among	 farmers	 in	 different	 locations	 (Bellon	
et	al.,	2003),	 the	 integration	of	 this	variation	 into	participatory	plant	
breeding	efforts	with	local	communities	(Cecarrelli,	Grando,	&	Baum,	
















biogeographic	 regions	 (Perales	&	Golicher,	2014)	 are	 subject	 to	on-	
farm	evolutionary	pressures	every	year.	As	a	consequence,	the	proba-
bility	that	mutations	appear,	or	rare	alleles	are	maintained,	that	could	
be	adaptive	 in	 the	 future	 is	 substantial.	Assessing	 these	numbers	 is	
beyond	the	scope	of	this	paper	but	an	important	task	for	the	future.
Creating	and	sustaining	mechanisms	that	build	on	the	experience	
and	 knowledge	 of	 farmers	 to	 support	 and	 monitor	 crop	 evolution	










national	 policies	 that	 favor	 the	 recognition	 of	 uniform,	 scientifically	
bred	 varieties	 over	 more	 heterogeneous,	 variable	 landraces;	 global	










that	 the	 benefits	 from	 evolutionary	 processes	 are	 shared	 equitably	
(Louafi	&	Schloen,	2013).
On-	farm	conservation	as	a	strategy	for	conserving	and	using	plant	









5  | IN SITU CONSERVATION OF CROP 
WILD RELATIVES
Crop	 wild	 relatives	 (CWR)	 are	 wild	 species	 living	 and	 evolving	 in	
natural,	 semi-	wild,	 and/or	 human-	made	 habitats	 where	 their	 ge-
netic	diversity	is	affected	by	a	wide	range	of	factors	including	habitat	
fragmentation	 and	 degradation	 (Millennium	 Ecosystem	 Assessment	
[MEA],	 2005).	 Their	 genetic	 relationship	 with	 cultivated	 land	 races	
is	summarized	in	the	concept	of	primary,	secondary,	and	tertiary	ge-
nepools	(Harlan	&	de	Wet,	1971).	Wild	relatives	that	are	part	of	the	



















rennis)	 in	 southwest	Mexico	 (United	Nations	 Educational,	 Scientific,	
and	Cultural	Organization	[UNESCO],	2007).	As	a	consequence,	where	




With	 limited	 resources	 available	 for	 conservation,	 the	 challenge	
for	 in	situ	conservation	of	CWR	 is	 to	 first	prioritize	species	and	the	
number	 of	 populations	 that	 would	 conserve	 the	 maximum	 genetic	






















6  | WILD CONTRIBUTIONS TO 





to	 a	 further	 narrowing	of	 the	 gene	pool.	However,	 the	widespread	
use	of	marker	technologies	has	led	to	a	revision	of	this	view	with	do-
mestication	now	seen	as	a	continuum	of	ongoing	processes,	involving	
the	 initial	 extraction	 of	 plants	 from	 their	 wild	 habitats	 and	 subse-
quent	 further	 diversification	 events	 (Gepts,	 2004;	 Shigeta,	 1996).	
The	contribution	of	wild	relatives	to	this	secondary	diversification	of	
crops	is	receiving	increasing	attention	and	includes	repeated	episodes	
of	 temporally	 separated	 introgression	 from	wild	 relatives	 into	apple	
(Malus pumila	Miller,	1768;	Cornille	et	al.,	2012),	almond	(Prunus dulcis 
(Mill.)	D.	A.	Webb;	Delplancke	et	al.,	2011),	and	maize	(Hufford	et	al.,	









likely	 that	 this	 continuing	 process	 of	 wild	 plant–crop	 introgression	
contributes	to	crop	adaptation	to	specific	conditions	in	many	species.
Domestication	and	introgression	events	affecting	food	resources	
are	 not	 the	 sole	 preserve	 of	 the	 past.	 Particularly	 in	 traditional,	
subsistence-	oriented,	 agroecosystems,	 ongoing	 evolutionary	 pro-
cesses	involving	wild	relatives	of	mainly	“minor”	crops	have	been	doc-
umented.	In	Ethiopia,	despite	the	vegetative	mode	of	propagation	of	
Ensete	 (Ensete ventricosum	 (Welw.)	 Cheesman),	 gene	 flow	 from	 the	
wild	population	to	the	crop	occurs	through	the	regular	incorporation	
of	seedlings	within	cultivated	plots	(Shigeta,	1996).	In	Benin,	another	
vegetatively	 propagated	 crop,	 yam	 (Dioscorea cayenensis	 subsp.	 ro-
tundata	 (Poir)	 J.	Miege)	 is	 regularly	 re-	domesticated	 as	 farmers	 col-
lect,	 test,	 and	 select	 plants	 from	 neighboring	 natural	 populations	
(Chaïr	 et	al.,	 2010;	 Scarcelli	 et	al.,	 2006),	while	 the	 columnar	 cactus	
Stenocereus pruinosus	 (Otto	 ex	 Pfeiff.)	 Buxb.	 is	 also	 undergoing	 fre-






7  | COMPLEMENTARITY BETWEEN EX 
SITU AND IN SITU CONSERVATION
Ex	situ	and	in	situ	conservation	are	today	considered	as	complemen-





tions	 depends	 on	 the	 following:	 (i)	 considering	 the	 species	 biology	
















Ex	 situ	 conservation	 and	 in	 situ	 conservation	 are	 also	 comple-
mentary	from	an	evolutionary	research	point	of	view.	To	understand	




2015).	 Large	numbers	of	 samples	of	 threatened	 landraces	 and	 crop	
wild	relatives	collected	in	the	past	are	stored	in	gene	banks.	Many	of	
the	collecting	missions	were	sufficiently	well	documented	as	to	allow	





contemporary	 genotypes	 of	wild	 cereals	 (Nevo	 et	al.,	 2012)	 and	 of	
field	mustard	 (Franks	et	al.,	 2007)	 sampled	 from	 the	 same	 locations	
showed	 evidence	of	 advancement	 of	 flowering	 time	due	 to	 climate	
change.	While	 ex	 situ	 collections	 provide	historic	 data	 and	material	








8  | FUTURE RESEARCH ISSUES
It	is	vital	that	the	genetic	diversity	underpinning	the	world’s	crops	is	
protected	and	enhanced.	There	are	multiple	paths	to	achieving	com-
ponents	of	 that	 aim.	Here,	we	provide	examples	of	 research	 topics	





represent	 the	 genetic	 variation	 of	 the	 species	 in	 question	 present	
within	 distinct	 eco-	geographic	 regions,	 agroecological	 regions,	 and	
agricultural	systems.	[This	would	help	focus	the	relative	magnitude	of	
future	ex	situ	and	in	situ	conservation	efforts].
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between	crop,	environment,	and	humans	at	a	range	of	spatial	scales.	
Social	 factors	 involving	 the	 full	 gamut	of	 interactions	 from	 relation-
ships	 between	 adjacent	 and	 more	 far-	flung	 communities,	 to	 taste	
preferences	 and	 traditional	 beliefs,	 ensure	 that	 farmers	 and	 landra-
ces	constitute	a	complex	coevolving	sociobiological	system.	There	is	




The	 added	 human	 component	 that	 is	 an	 integral	 part	 of	 in	 situ	
conservation	 on-	farm	 can	 drive	 evolution	 at	 an	 even	 faster	 pace	
through	measures	that	lead	to	repeated	introduction	of	additional	ge-
netic	variation,	while	simultaneously	enforcing	tough	selection	pres-
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